Introduction
While many men diagnosed with prostate cancer (PrCa) are cured with local therapy, the principal treatment for PrCa control in patients who present with more advanced disease, are medically unfit for local therapy, or have recurrent PrCa is androgen deprivation therapy (ADT) (1) . ADT, whether surgical or drug induced, reduces serum testosterone to castrate levels (2) and causes tumor cell apoptosis (3) . Men may be on continuous ADT, often with additional second-line androgen signaling suppression, for 10 or more years (4) . Some ADT-induced side effects (erectile dysfunction, osteopenia, depression) can be managed medically, but other side effects (cognitive changes, metabolic dysregulation, sarcopenia) need more effective interventions (5) . Sarcopenia is the loss of muscle function, defined by strength, power, or physical performance, due to low muscle mass or muscle quality (6) . ADT-induced sarcopenia is accompanied by fat gain, and both increase with the duration of ADT (7) . Adiposity increases fat infiltration into muscle, thereby reducing muscle quality and further degrading muscle function (8, 9) . The loss of muscle mass but not fat mass differentiates ADT-induced sarcopenia from tumor cachexia, which is marked by loss of mass in both compartments (10) . Despite frequent overall weight gain resulting from adiposity in men receiving ADT, these men lose strength, resulting in functional deficits, including an increased risk of falls and fractures (11) . Thus, ADT-induced sarcopenia is most likely the underlying mechanism accounting for an "obese frailty" syndrome described in men receiving ADT for PrCa (12) . A combination of exercise and testosterone therapy can reverse frailty in many populations, but these interventions are problematic for many patients with PrCa (13) (14) (15) .
We previously reported that ADT-induced sarcopenia in normal (tumor-free) mice closely resembles the obese frailty phenotype seen in patients (16) . Specifically, tumor-free mice exhibited loss of skeletal Most prostate cancers depend on androgens for growth, and therefore, the mainstay treatment for advanced, recurrent, or metastatic prostate cancer is androgen deprivation therapy (ADT). A prominent side effect in patients receiving ADT is an obese frailty syndrome that includes fat gain and sarcopenia, defined as the loss of muscle function accompanied by reduced muscle mass or quality. Mice bearing Pten-deficient prostate cancers were examined to gain mechanistic insight into ADT-induced sarcopenic obesity. Castration induced fat gain as well as skeletal muscle mass and strength loss. Catabolic TGF-β family myokine protein levels were increased immediately prior to strength loss, and pan-myokine blockade using a soluble receptor (ActRIIB-Fc) completely reversed the castration-induced sarcopenia. The onset of castration-induced strength and muscle mass loss, as well as the increase in catabolic TGF-β family myokine protein levels, were coordinately accelerated in tumor-bearing mice relative to tumor-free mice. Notably, growth differentiation factor 11 (GDF11) increased in muscle after castration only in tumor-bearing mice, but not in tumor-free mice. An early surge of GDF11 in prostate tumor tissue and in the circulation suggests that endocrine GDF11 signaling from tumor to muscle is a major driver of the accelerated ADT-induced sarcopenic phenotype. In tumor-bearing mice, GDF11 blockade largely prevented castration-induced strength loss but did not preserve muscle mass, which confirms a primary role for GDF11 in muscle function and suggests an additional role for the other catabolic myokines.
muscle strength, reduced lean muscle mass, and increased adipose tissue. Castration specifically reduced muscle cross-sectional area and muscle absolute force production (17) . Sarcopenia onset occurred 6 weeks after castration, and myostatin and activins were induced in muscles of adult male mice before the onset of strength loss (16) . Five catabolic TGF-β family myokines, including myostatin, growth differentiation factor 11 (GDF11), and the activins (homodimers composed of activin A or B and the heterodimer activin AB), are secreted by muscle and reduce muscle mass (18) (19) (20) . These myokines are synthesized as inactive proproteins, which must be cleaved, covalently dimerized, and released from inhibitory proteins to become active ligands (18, 21) . Catabolic TGF-β family myokines regulate muscle homeostasis via the activin type II receptors (19) . A TGF-β family myokine ligand trap, ActRIIB-Fc, blocks catabolic signaling (22) . Act-RIIB-Fc treatment of castrated adult mice blocked sarcopenia and fat gain (16) . Unfortunately, during clinical trials, ActRIIB-Fc induced vascular adverse events, including telangiectasias and mucocutaneous bleeding, likely due to off-target bone morphogenetic protein 9 (BMP9) signaling blockade (23) (24) (25) . Better understanding of the mechanism of ADT-induced obese frailty in the context of PrCa may enable development of more selective therapies to preserve muscle mass and strength (26, 27) .
We therefore examined ADT-induced sarcopenia in the PB-Cre4 Pten fl/fl mouse, an autochthonous model of PrCa. Tumorigenesis in this model is driven by Pten loss in prostate epithelia. PTEN loss is one of the most frequent genetic lesions in localized and metastatic human PrCa (28) , and it predicts patient outcomes (29) , confirming its biological relevance. Like human PrCa, Pten-deficient murine prostate tumors grow slowly and regress after castration (30) , making PB-Cre4 Pten fl/fl mice an excellent model for investigating the side effects of ADT in patients.
In PB-Cre4 Pten fl/fl mice bearing prostate tumors, the onset of strength loss after castration was accelerated in tumor-bearing mice relative to tumor-free mice. Analysis of catabolic myokine production in muscle, tumor, and serum as well as treatment of castrated mice with GDF11-specific blockade demonstrated that the earlier onset of the sarcopenic phenotype is driven primarily by tumor-derived GDF11 acting via an endocrine mechanism. We discuss a model for tumor-muscle interactions as well as the impact of our findings on the future development of medical therapies for ADT-induced sarcopenia in patients with PrCa.
Results
Castration induces a sarcopenia phenotype in a PrCa mouse model resembling the ADT-induced obese frailty syndrome in PrCa patients. We previously observed castration-induced sarcopenia in adult (6-9 months old) tumor-free mice that had not been detected in younger mice (16) . To test the relevance of the PB-Cre4 Pten fl/fl PrCa model, we first tested whether tumor burden alone induced sarcopenia. We monitored prostate tumor development using high-resolution high-frequency ultrasound (HFUS) imaging (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.127018DS1) and found that neither total body mass nor grip strength varied among mice bearing tumors that ranged from 514 to 4515 mm 3 (Supplemental Figure 2 , A and B). The mass of the skeletal muscles varied little, whether from tumor-bearing or tumor-free mice (Supplemental Figure 2C ). We next determined whether castration of adult prostate tumor-bearing mice recapitulated the obese frailty phenotype seen in patients and tumor-free mice following castration. Tumor volume and grip strength were measured weekly for 16 weeks after castration ( Figure 1 ). Castration caused tumor regression ( Figure 1A ), in accordance with earlier reports (30) (31) (32) . Grip strength declined starting 4 weeks after castration ( Figure 1B ). Sixteen weeks after castration, the mass of 5 of the 6 skeletal muscles was reduced ( Figure 1C ), and adiposity was increased ( Figure 1D ). In this autochthonous PrCa model, castration of mice bearing tumors of widely varying size induced sarcopenia and fat gain, resembling the obese frailty syndrome in PrCa patients receiving ADT (12) .
Cancer frequently results in cachexia, a distinct physiological entity of generalized wasting that includes both abundant lipolysis and sarcopenia, leading to lower total body mass. However, ADTinduced sarcopenia is not a consequence of cancer cachexia because castrated mice gained fat without loss of body mass. The mice used in Figure 1 had tumors of widely varying size. Larger tumors regressed more in response to castration than smaller tumors (Supplemental Figure 3A ), but tumor size did not affect either castration-induced strength loss or total body mass (Supplemental Figure 3 , B and C). However, mice bearing larger tumors had increased lean body mass (Supplemental Figure 3D ). Neither adiposity nor the mass of isolated skeletal muscles correlated with tumor volume 16 weeks after castration (Supplemental Figure 3 , E and F). We restricted future experiments to mice bearing smaller, more uniform tumors because both tumor regression and lean body mass measurements were confounded by tumor size variability.
TGF-β family myokine protein levels increase prior to the onset of castration-induced sarcopenia. We next examined the effect of castration on sarcopenia and catabolic TGF-β family myokine expression in groups of adult mice that were sacrificed at 2-week intervals. Tumor volume, monitored using HFUS imaging, declined after castration (Supplemental Figure 4 ). Functionally, grip strength declined 3 weeks after castration (Figure 2A ), similar to the timing observed in Figure 1B . Castration reduced the mass of 4 skeletal muscles (tibialis anterior, extensor digitorum longus, soleus, triceps) by 4 weeks after castration, coincident with strength loss ( Figure 2B ). However, mass loss was not evident until 6 weeks after castration in 2 of the larger muscles (quadriceps, gastrocnemius). Figure 3 shows the time course of catabolic TGF-β family myokine levels in 2 muscles from the mice examined in Figure 2 . The levels of 4 (myostatin, GDF11, activin A, and activin B) of the 5 myokines were increased 2 weeks after castration, before the onset of strength loss, in both gastrocnemius muscle (GAS, Figure 3 , A-F) and triceps muscle (TRI, Figure 3 , G-L). Castration-induced changes of activin A and activin B protein levels were similar to changes observed in tumor-free mice after castration (16) . However, for GDF11 there was a marked difference. Specifically, GDF11 levels were increased prior to strength loss, 2 weeks after castration in both GAS and TRI muscles of tumor-bearing mice ( Figure 3 , F and L), whereas in our prior report castration did not change GDF11 levels in GAS or TRI muscles before strength loss in tumor-free mice (16) . We previously demonstrated that myostatin levels were increased 4 weeks after castration in tumor-free mice, before strength loss at 6 weeks (16) . Myostatin levels in tumor-bearing mice were increased by 2 weeks, still before strength loss at 3 weeks after castration (Figure 2A ). Myostatin showed a second, more pronounced maxima at 6 and 8 weeks after castration in the muscles of tumor-bearing mice, beyond the onset of strength loss. None of the mRNAs encoding the TGF-β family myokines or their receptors were regulated in quadriceps muscle after castration (Supplemental Figure  6 ), which is consistent with previously described posttranscriptional regulation of myokine proteins by proteolytic cleavage of the latent precursor (18, 33) . Pan-myokine blockade prevents castration-induced sarcopenia in tumor-bearing mice. We next tested whether catabolic TGF-β family myokines are required for castration-induced sarcopenia in tumor-bearing mice. ActRIIB-Fc is a TGF-β family myokine ligand trap that specifically binds to and inhibits myostatin, the activins, GDF11, BMP9, and BMP10 (34) . Administration of ActRIIB-Fc prevented the castration-induced loss of grip strength ( Figure 4A , green versus red). Castration-induced skeletal muscle loss ( Figure 4B ) and lean body mass loss ( Figure 4C ) were also blocked by ActRIIB-Fc administration. In contrast, despite increased total body mass, mass of most skeletal muscles, and lean body mass in ActRIIB-Fc-treated versus vehicle-treated sham-castrated animals, strength was not increased by ActRIIB-Fc treatment in the sham-castrated mice (Supplemental Figure 7) . Taken together, these data indicate one or more of the TGF-β family myokines mediates castration-induced sarcopenia.
GDF11 blockade prevents castration-induced strength loss in tumor-bearing mice. GDF11 was increased in muscle soon after castration, exclusively in tumor-bearing mice. Therefore, we tested whether GDF11 was required for castration-induced sarcopenia using a highly specific (Supplemental Figure 8 ), function-neutralizing (35), anti-GDF11 monoclonal antibody. From 3 to 5 weeks after castration, anti-GDF11 treatment of tumor-bearing mice slowed grip strength loss ( Figure 4A , light purple line). At week 6 and later, anti-GDF11 treatment completely blocked the castration-induced grip strength loss ( Figure 4A ). GDF11 neutralization did not change the total body mass of castrated mice (Supplemental Figure 7B) . Surprisingly, GDF11 neutralization did not reverse the castration-induced skeletal muscle mass loss ( Figure 4B ) or lean body mass loss ( Figure 4C ). These latter data indicate that although GDF11 largely mediates castration-induced strength loss, GDF11 neutralization is not sufficient to preserve muscle mass. Castration-induced sarcopenia is exacerbated in tumor-bearing mice. We showed that in tumor-free mice, grip strength did not decline until 6 weeks after castration (16) . In contrast, tumor-bearing mice demonstrated reduced grip strength within 3 weeks after castration in 2 tumor size-matched cohorts (cohort 2, Figure 2A , and cohort 3, Figure 4A ). An earlier onset of strength loss was also observed in cohort 1, which consists of mice bearing a wider range of tumor volumes ( Figure 1A) . These data strongly imply that the presence of a tumor accelerated strength loss (Table 1 , Onset column). Moreover, the magnitude of strength loss observed was about 50% greater in tumor-bearing mice ( Table 1 , Max loss column). Finally, the maximum degree of skeletal muscle mass loss (~20%) was reached by 4 weeks after castration in tumor-bearing mice, versus 10 weeks in tumor-free mice ( Table 1 ). The accelerated strength and muscle mass loss is consistent with the earlier increases in catabolic TGF-β family myokines that we observed in tumor-bearing mice (Figure 3) .
Castration induces GDF11 and myostatin in prostate tumors and in the circulation. Based on the accelerated sarcopenia and differences in muscle levels of catabolic TGF-β family myokine expression between tumor-bearing and tumor-free, myokine protein levels were measured in tumors and serum of serially sacrificed mice (cohort 2, Figure 2 and Figure 3 ). In tumor tissue, GDF11 was increased 2 weeks after castration ( Figure  5A ). This change paralleled the early increase of GDF11 levels in muscle ( Figure 3 , F and L) that occurred before strength loss. Myostatin levels were increased 8 and 10 weeks after castration in tumor tissue ( Figure  5 , B and C), well after the onset of strength loss. Activin (A, B, and AB) levels showed a mixed pattern of regulation in tumor tissue (Supplemental Figure 9 ). None of the mRNAs encoding the TGF-β family myokines, their receptors, or the muscle ubiquitin ligases was regulated in tumor tissue after castration (Supplemental Figure 10 ). Unexpectedly, while levels of circulating TGF-β family myokines did not change after castration in tumor-free mice (16), serum GDF11 was increased 2 weeks after castration in tumor-bearing mice ( Figure 5D ), at the same time we observed increases in tumor and muscle. Also in contrast to tumorfree mice, serum myostatin was increased both at 2 weeks and at 6 through 10 weeks after castration ( Figure  5 , E and F). Circulating activin (AA, BB, AB) levels were unchanged or undetectable and did not reflect the mixed pattern observed in tumor tissue (Supplemental Figure 9 ). Circulating levels of both GDF11 and myostatin were higher in animals bearing larger tumors (Supplemental Figure 11 ). We also assessed relative expression differences between muscle and tumor tissues. GDF11 protein levels were comparable between muscle and tumor ( Figure 5G ). However, myostatin was more than 10-fold higher in tumor than in muscle from both sham-castrated and 8-week-castrated animals ( Figure 5 , H and I). Taken together, these data suggest that the tumor is a possible source of endocrine TGF-β family myokines mediating sarcopenia.
Discussion
In this report we examined an autochthonous PrCa (PB-Cre4 Pten fl/fl ) mouse model for castration-induced sarcopenia to better understand the mechanism of ADT-induced sarcopenia in patients with PrCa. This model faithfully recapitulates human prostate cancers in a number of important ways. First, prostate-specific PTEN loss is a genetic lesion seen frequently in primary PrCa in patients (28) . Second, in this model, PrCa tumors progress slowly enough to allow the manifestation of ADT side effects. Third, castration of tumor-bearing mice resulted in strength and skeletal muscle loss accompanied by fat gain (Figure 1 and Figure 2) , very similar to the obese frailty syndrome observed in men with PrCa receiving ADT (11) . Because there are no effective pharmacologic interventions for PrCa patients with ADT-induced sarcopenia (2, 5, 36) , insights from our mechanistic studies in mouse models may facilitate the development of new treatments. Finally, this model shows no evidence of cancer cachexia. Specifically, there is no loss of total body mass or grip strength with increased tumor volume (Supplemental Figure 2) . This eliminates the possibility that tumor cachexia effects are confounding our conclusions about ADT-induced sarcopenia.
Previously, we used the ActRIIB-Fc ligand trap to demonstrate that catabolic TGF-β family myokines are necessary for castration-induced sarcopenia in tumor-free mice (16) . The myokines that induce sarcopenia are primarily muscle derived, and catabolic signaling is paracrine from muscle stem (satellite) cells to myofibers (37) , with only a minor endocrine contribution (38) . In tumor-free mice, myostatin, activin A, and activin AB levels are increased in skeletal muscle 2 to 4 weeks after castration, prior to the onset of strength and muscle loss that occurs 6 weeks after castration (16) . Figure 4 shows that in PrCa tumor-bearing mice, myokines are similarly essential for the induction of castration-induced sarcopenia, as demonstrated by the effectiveness of ActRIIB-Fc in blocking both strength and muscle mass loss.
Although catabolic TGF-β family myokine signaling is required for castration-induced sarcopenia in both tumor-free and tumor-bearing mice, the kinetics of ADT-induced sarcopenia suggests that the presence of tumor influences muscle catabolism. The most striking differences were observed for muscle strength and mass changes (summarized in Table 1 ). When we compared cohorts of tumor-bearing mice with tumor-free mice, the tumor-bearing mice showed (a) an acceleration in the onset of castration-induced strength loss, (b) an increase in the magnitude of strength loss, and (c) a clear acceleration in the time to achieve maximal muscle mass loss. A second key difference is seen in the pattern of ADT-induced myokine levels in tumor-bearing versus tumor-free mice. For myostatin and the activins, the levels in the muscles of tumor-bearing mice at early time points after castration were similar to those of mice without tumors. In contrast, the level of GDF11 increased in the muscles of tumor-bearing mice, beginning 2 weeks after castration ( Figure 3 ). GDF11 in muscle of tumor-free mice did not increase until 10 weeks after castration, well after strength loss (16) . Unexpectedly, we also observed that GDF11 levels increased in both serum and tumor tissue 2 weeks after castration ( Figure 5 ), suggesting that an endocrine mechanism might account for the corresponding increase of GDF11 protein in muscle. Specifically, we propose that castra- tion induces GDF11 production in the prostate tumor, leading to elevated levels in the circulation and, subsequently, in muscle, where GDF11 acts by binding to ActRIIB to enhance muscle damage and strength loss (see model, Figure 6 ). We believe that an endocrine mechanism is the most parsimonious explanation for GDF11 levels in the muscles of tumor-bearing mice. Alternatively, it is possible that a castration-induced increase in GDF11 protein levels in the muscles of tumor-bearing mice subsequently elevates GDF11 in the circulation and tumor tissue. However, our observations of the pattern of induction of another myokine -myostatin -argue against this alternative explanation. Specifically, we observed that myostatin was increased in both muscle and serum -but not in tumors -2 weeks following castration of tumor-bearing mice (Figure 3 and Figure 5 ). This implies that elevated levels of muscle myokines can produce elevated serum levels but that tumor uptake of myokines from the serum is not efficient. It is noteworthy that at 8 weeks after castration, myostatin was increased in tumors, serum, and muscle, similar to the pattern for GDF11 at 2 weeks after castration (see model, Figure 6 ). Finally, we also observed a correlation between tumor size and serum myostatin and serum GDF11 levels (Supplemental Figure 11 ). Overall, our results are most consistent with a unidirectional movement of GDF11 protein from tumor to circulation to muscle.
Regardless of the precise mechanism that produces an increase in GDF11 protein in the muscles of castrated tumor-bearing mice, treatment of these mice with an anti-GDF11 antibody blocked strength loss almost as efficiently as the ActRIIB-Fc ligand trap (Figure 4) . Given the effectiveness of GDF11 blockade in our mouse model, we contend that tumor-derived GDF11 enhances the sarcopenic phenotype. Although GDF11 blockade reversed strength loss, it did not prevent muscle mass loss in castrated tumor-bearing mice (Figure 4) . The failure to preserve muscle mass loss may be due to the high levels of circulating myostatin ( Figure 5F ) that appear to be derived from both muscle (Figure 3, B and H) and tumor ( Figure 5C ). The role of myostatin and the activins in castration-induced strength loss may be secondary, but their specific role in muscle catabolism and muscle quality relative to GDF11 may take on increased importance in countering ADT-induced sarcopenia in tumor-bearing animals.
Novel strategies are required to preserve strength and muscle mass for PrCa patients with ADT-induced sarcopenia, who may be at increased risk due to tumor endocrine signaling. Trials of pan-myokine blockade using ActRIIB-Fc were stopped because of bleeding complications, likely due to BMP9 neutralization (23, 24) . Thus, rather than broad TGF-β family myokine blockade, specific therapy targets are needed to preserve muscle mass and strength for patients with sarcopenia. Blocking myostatin alone in patients with PrCa on ADT restored muscle mass but was not sufficient to reverse strength loss (39) . Figure 4 demonstrates neutralizing GDF11 in PrCa-bearing mice preserved strength but not muscle mass. Whether preserving muscle mass is necessary to maintain function in men with PrCa treated with ADT for cancer control is unknown. If so, combining anti-GDF11 therapy with anti-myostatin (or anti-activin A) (40) therapy may prevent both strength and muscle mass loss, thereby improving patient quality of life.
Methods
PrCa model animals. Prostate-specific PTEN loss-induced PrCa-bearing mice (30) were produced by crossing male transgenic mice expressing probasin-driven Cre recombinase (PB-Cre4; obtained from the National Cancer Institute) with female floxed Pten mice (Pten LoxP/LoxP ; obtained from The Jackson Laboratory). The resulting PB-Cre4 Pten fl/fl male pups were uniquely identified by implantation of a p-Chip (Pharmaseq) and genotyped for the Cre transgene and the LoxP-containing Pten alleles. All mice were maintained on a 12-hour light/12-hour dark cycle and had regular chow ad libitum. The probasin promoter is activated at puberty in prostate secretory epithelium to cause epithelial cell-specific deletion of Pten. Prostate adenocarcinomas form with complete penetrance between 3 and 7 months. Therefore, male PB-Cre4 Pten fl/fl mice were monitored for tumor development using HFUS imaging Castration-induced grip strength loss in 3 cohorts of PTEN prostate-KO tumor-bearing (PrCa) mice and 3 cohorts of the tumor-free parental C57BL/6 mice. Onset column shows earliest time after castration when strength loss was detected; max loss column shows maximum observed strength loss after castration, as a percentage of starting strength; and muscle mass loss column shows mean (± SEM) loss of mass of dissected muscles, as a percentage of the mass of muscles from sham-castrated mice, at the indicated time after castration. Tumor-free cohorts 1 and 2 were described in our previous report (16) and data further analyzed herein. A Grip strength measurements were performed weekly. B Grip strength measurements were performed every 2 weeks. C Muscle mass determined 16 weeks after castration.
(see below) beginning at 12 weeks. Tumor-bearing animals were enrolled for experimental manipulation when the tumor was more than 300 mm 3 and the animal was older than 6 months of age (adult). For cohorts 2 and 3, mice had tumors of 400-800 mm 3 and were 6-9 months of age. Mouse treatments, assessments, and tissues. Mice bearing a wide range of tumor volumes were castrated and monitored for 16 weeks as cohort 1. Subsequently, mice were assigned randomly to either sham-castrated or castrated groups to balance tumor volume in each group. Surgical castration was performed as previously described using isoflurane anesthetic (41) . For ligand blockade experiments, castrated mice were assigned randomly to vehicle or ActRIIB-Fc (RAP-031, containing the murine Fc, Acceleron) treatment groups. ActRIIB-Fc administered twice weekly has maximal pharmacokinetic efficacy (42) , and the homologous human ActRIIB-Fc has a half-life of 4 to 5 days in C57BL/6 mice after intraperitoneal injection (43) . Mice were treated on the day of castration and subsequently twice weekly for 10 weeks with vehicle (Tris-buffered saline) or 10 mg/kg ActRIIB-Fc using intraperitoneal (IP) injection. GDF11 signaling was blocked using an anti-human GDF11 antibody (R&D Systems, Bio-Techne, MAB1958) that recognizes the GDF11 active dimer but not the closely related active dimer of GDF8 (myostatin, Supplemental Figure 8 and Supplemental Discussion) (35, 44, 45) . Mice were treated with anti-GDF11 using a dose (100 μg administered IP twice weekly for 10 weeks) shown to neutralize GDF11 activity (40, 44, 46) . Prostate volume was assessed using imaging at the indicated times, and grip strength and total body mass were measured weekly. Body composition was assessed using qNMR (LF-65, Bruker), and the mice were sacrificed at the prespecified endpoint. Calculations of whole-body lean mass excluded bone, fat, and fluid but included muscle, organ, tendons, ligament, and tumor. Consequently, mice bearing larger tumors had increased lean body mass because qNMR lean mass measurement includes tumor tissue (Supplemental Figure 3E) , and therefore lean body mass is reported only for groups of mice that were tumor volume matched. Mice were anesthetized and blood was collected by cardiac puncture for serum myokine analysis. The tumor, hind limb, and forelimb skeletal muscles were dissected, weighed, snap-frozen in liquid nitrogen, and stored at -80°C until analysis.
Ultrasound imaging. We confirmed that our HFUS imaging protocol accurately measured prostate tumor growth in this autochthonous model with the same accuracy and low variability previously demonstrated for prostate orthotopic tumors (47) . HFUS images of the prostate were acquired using a Vevo 2100 imaging system (Vevo LAZR; VisualSonics Inc.) equipped with a 21-MHz linear array transducer system (LZ250; 13-to 24-MHz maximal broadband frequency; 21-MHz center frequency, 75-μm axial resolution, 80-μm lateral resolution, 23-mm maximal lateral field of view). Briefly, mice were anesthetized, the abdomen was depilated, and B-mode images of the genitourinary area were acquired. 3D images of the prostate were reconstructed from 2D section images, and prostate volumes were computed using Amira 3D visualization software (FEI Visualization Sciences Group) (47) . Tumors in each of the anterior lobes of the mouse prostate were visualized adjacent to the mouse bladder (Supplemental Figure 1A) , and tumor volume increased as the mice aged (Supplemental Figure 1B) . Tumor growth in a larger cohort of PB-Cre4 Pten fl/fl mice was consistent up to 30 weeks of age (Supplemental Figure 1C ). Initial tumor volume did not correlate with age after 6 months, but final tumor volume correlated with dissected tumor mass at sacrifice (data not shown and ref. 32 ). HFUS ensured biologic uniformity (i.e., similar tumor volume at the time of castration) and was used to confirm tumor regression after castration, demonstrating ADT was effective (Supplemental Figure 4) . Imaging thus enabled comparison of the kinetics and extent of tumor regression to muscle mass and strength changes.
Physiologic measurements. Total body mass was measured using a digital balance (Ohaus), and 4-limb grip strength was assessed with a digital grip strength meter (Columbus Instruments). Briefly, mice were allowed to grab a horizontal wire grid attached to the meter using both forelimbs and hind limbs and then gently pulled by the tail until release. The mean maximum force (in newtons) of 3 consecutive trials with 3 minutes' rest between trials was taken as an index of grip strength. Mice were measured and assessed Tumor lobes are represented by the green (left lobe) and red (right lobe) circles. In adult tumor-free mice myostatin and the activins increase after castration but prior to strength and muscle mass loss. In PrCa tumor-bearing mice, tumor secretes GDF11 (blue) and later myostatin (red) into serum. Endocrine-derived GDF11 and myostatin increase in muscle prior to strength loss (early myostatin also moves from muscle into serum). The tumor-derived catabolic TGF-β family myokines exacerbate castration-induced sarcopenia in tumor-bearing mice.
before the start of experiments and were monitored weekly thereafter, in the morning of the same day of the week, in the same environment, by the same investigator, to minimize variability.
ELISAs. Tissue extracts were prepared by pulverizing dissected frozen gastrocnemius (GAS) or triceps (TRI) muscles or frozen tumor from individual mice using a pestle in a mortar containing liquid nitrogen, to obtain a fine powder. Frozen tissue powder was resuspended in NP-40 cell lysis buffer (30 mM Tris-HCl at pH 7.4, 150 mM sodium chloride, 1% NP-40, 1 mM sodium vanadate, 100 mM sodium fluoride, 2.5 μM zinc chloride, 10% glycerol, 400 μM phenylmethylsulfonyl fluoride, 1× protease inhibitor cocktail, MilliporeSigma) and sonicated for 8 seconds at 10 watts. Insoluble proteins were removed by high-speed centrifugation. The soluble supernatant was collected and stored at -80°C. Serum was isolated, diluted 1:1 with PBS, and stored at -80°C. Protein concentration was determined using bicinchoninic acid reagent (Pierce, Thermo Fisher Scientific). TGF-β family myokine dimeric protein levels were determined from equal amounts of total NP-40 cell lysis buffer soluble protein (or serum proteins) and total myostatin protein levels from equal amounts of acid-treated total soluble protein using ELISA according to the manufacturer's protocol. ELISA kits used were human/mouse/rat activin A ELISA kit (Quantikine DAC00B, R&D Systems, Bio-Techne), mouse activin B ELISA kit (E15932m, Cusabio Biotech Co., Ltd.), mouse activin AB and mouse GDF11 ELISA kits (CEA158Mu and SEC113Mu, respectively, Cloud-Clone Corp.), and total myostatin ELISA kit (Quantikine DGDF80, R&D Systems, Bio-Techne). ELISAs are non-cross-reactive versus other TGF-β family myokines (except activin A < 0.5% for activin AB); see Supplemental Discussion.
Immunoblot analysis. Active myostatin C-terminal dimer was measured using immunoblot because ELI-SAs do not discriminate this form from latent prodomain or inhibitor-bound myostatin C-terminal dimer (33) . Equal amounts of soluble muscle tissue extract, tumor extract, or serum were separated on 10% SDS-PAGE under reducing conditions and transferred to nitrocellulose membranes. Membranes were bisected at a level corresponding to approximately 80 kDa. The lower membrane was incubated with rat anti-myostatin antibody (1:1000, clone 84214, R&D Systems, Bio-Techne MAB788), and the upper membrane was incubated with rabbit anti-EF2 antibody (1:2000, G270) (48) , each diluted in 5% nonfat dried milk in Tris-buffered saline, overnight at 4°C and washed in Tris-buffered saline containing 0.1% Tween-20. The lower antimyostatin membrane was incubated in rabbit anti-rat IgG (1:20,000, Pierce, Thermo Fisher Scientific, 21218) for 2 hours at room temperature (RT), and both membranes were incubated in goat anti-rabbit horseradish peroxidase-conjugated antibody (1:20,000, Pierce, Thermo Fisher Scientific, 31460) for 2 hours at RT to detect the rabbit primary and bridging antibodies. Chemiluminescent (Supersignal West Pico, Pierce, Thermo Fisher Scientific) signal from the approximately 25 kDa active myostatin C-terminal dimer was captured using a cooled charge-coupled digital camera system (Kodak 4000R) and quantitated using Kodak Molecular Imaging software. Myostatin expression was normalized to EF2 expression levels from the same lane and then to an internal standard control on each gel/filter to allow comparison across different blots. Mean expression in each tissue from each animal was determined in triplicate. Inter-animal group means and standard errors were determined.
Statistics. Skeletal muscle mass, total body mass, grip strength, and ELISA TGF-β family myokine protein levels were compared using 1-way ANOVA and Dunnett's multiple-comparisons test for castration effects. Immunoblot quantifications of relative myostatin expression were analyzed using 1-way ANOVA incorporating a variance-stabilizing transformation and Bonferroni's correction for multiple-comparison analysis. Endpoint body composition changes were compared using 2-tailed Student's t test. Data were analyzed using 2-way ANOVA employing Tukey's HSD test to compare multiple therapy treatments' effects on grip strength, total body mass, lean body mass, and skeletal muscle mass. P values less than 0.05 were considered significant, and if reached, post hoc testing was performed. Statistical analyses were performed using JMP Pro 11.0 software (SAS) and R suite software.
Study approval. All animal studies were performed in accordance with the National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals (National Academies Press, 2011) and approved by the Roswell Park Institutional Animal Care and Use Committee (1304M, 1308M).
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